Attenuated Salmonella strains are currently being evaluated as live vectors for the delivery of heterologous antigens to the mammalian mucosal and systemic immune systems. An approach to improving the stability of heterologous antigen expression during vaccination is to drive expression of the foreign protein from promoters, e.g. nirB, that become activated when Salmonella enter the host. Salmonella strains were constructed that harboured similar multicopy plasmids encoding the 1acZ gene. In each strain, 1acZ expression was driven from either the nirB, htrA or groE promoters. Expression of LacZ increased in all vaccine strains as they were shifted from conditions of low to high temperature. In addition, expression of IacZ driven from the htrA and nirB promoters significantly increased when the Salmonella entered eukaryotic cells, including macrophages. Expression of 1acZ from the groE promoter was significantly elevated in macrophages but not in cells derived from epithelia. These promoters may be useful for optimising heterologous antigen expression within immune cells of the host.
Introduction
As well as being effective live vaccines against salmonellosis, some attenuated salmonellae have been used to deliver heterologous antigens to the immune system [1,21. The foreign antigen is generl Corresponding author. 5255; E-mail: gdougan@bc.ic.ac.uk ally expressed from genes encoded on recombinant plasmids introduced into the vaccine strain [3]. Recombinant strains are usually engineered to obtain high level expression of the heterologous antigens so that optimal presentation of the antigen to the host immune system can be achieved. Perhaps as a consequence, plasmid loss frequently occurs during vaccine preparation or once the bacteria have entered the host and the selective pressures applied in vitro, to maintain the plasmid in host bacteria on labora- typhimurium LB5010 (r-m') [17], were introduced into S. typhimurium strain BRD915 (S. typhimurium SL1344 htrA) [18] using electroporation. Lac-positive recombinants were screened on L agar plates containing ampicillin and X-gal [14].
Effect of changes in environmental conditions on 1acZ expression
Bacterial strains harbouring the recombinant plasmids were grown overnight in L-broth, with shaking at 30°C. The cultures were diluted 1:50 and growth was allowed to continue for an additional 3 h at 30°C until an OD,, of 2.8-3.4 was reached; 0.2 ml of each culture was stored at 4°C and used to determine the base-line of B-galactosidase activity as previously described [19] . Further portions of the cultures were then shifted to different growth condition as described below and samples were taken at 0, 2, 4, 6, and 24 h, unless otherwise specified. At each time point the OD,, was determined and the bacteria were stored at 4°C prior to performing a B-galactosidase assay.
Measuring expression in infected HEp-2, Caco-2 and THP-1 -macrophage cell lines
Tissue culture cells were seeded at approximately lo5 cell per well in 24-well plates and grown overnight in Dulbecco's modified Eagles medium, without phenol red (ICN Flow), supplemented with 10% (v/v) fetal calf serum and 2 mM glutamine at 37°C in an atmosphere of 5% CO,. Bacteria, lo* cfu from the diluted overnight culture, were added to the tissue culture cells and incubated at 30°C. At various time points samples of the tissue culture medium were taken to measure @-galactosidase activity in the extracellular bacteria. The number of bacteria in each sample was also determined by viable count and the corresponding OD,, was determined using a standard curve. Infected cells were washed with phosphate buffer saline (PBS) and incubated for a further hour in the presence of 200 mg ml-' of gentamicin to kill extracellular bacteria. Thereafter, the cells were lysed using sterile distilled water and vigorous pipetting. @galactosidase activity was determined for each cell lysate. The number of bacteria in each lysate was determine from a viable count and the corresponding OD,,, was determined from a standard curve.
Results
Expression from each of the promoters selected for this study is sensitive to changes in environmental conditions. n&B has been shown previously to respond to changes in anaerobicity [13] . Initial experiments were performed to assess the levels of 1acZ expression from each of the promoters, resident on similar multicopy plasmids, harboured within
Salmonella vaccine strain BRD915. The influence of temperature shifts on the different promoters is shown in Fig. 1 . Temperature shifts from 30°C to 37°C (Fig.  1A ) resulted in an increase in @galactosidase enzyme units when lacZ was expressed from the nirB and htrA promoters. No significant increase in pgalactosidase activity was detected from the groE promoter. A temperature shift from 30°C to 42°C resulted in an increase in the P-galactosidase activity from all three promoters. The rate of the increase in the level of /3-galactosidase was faster from htrA and nirB compared with groE (Fig. 1B) . Temperature shift from 37°C to 42°C resulted in the induction of both nirB and htrA promoters, with more moderate increase in P-gal units from groE promoter (Fig.   10 .
Expression of P-galactosidase from the different promoters was also tested by selecting for bacteria that had entered eukaryotic cells. HEp-2, Caco-2 and THP-1 macrophages cell lines were infected with lo* bacteria and incubated at 30°C. The number of P-galactosidase units, determined 3 h after infection Fig. 1 . The effect of temperature on the htrA, nirl? and gro.E promoters. The graphs represent the increase in the level of &galactosidase units at the different time points, above base line level, when the growth temperature was shifted from 30°C to 37°C (A), 30°C to 42°C (B), and 37°C to 42°C (C). Ail measurements of P-galactosidase activity were performed in duplicate and repeated at least three times. The data represent the average of all the repeats for a given strain.
of HEp-2, showed that expression of 1acZ from both htrA and nirB promoters was significantly enhanced (Fig. 2) . However, there was no detectable increase in 1ucZ expression from groE promoter. Similar results were obtained in infected Caco-2 cells (data not shown). In contrast, in the intracellular environment of macrophages all three promoters were induced (Fig. 2) . nirB promoter was most effective and groE promoter was least effective (Fig. 2) . When the number of P-galactosidase units in the extracellular medium of either cell line was determined, no increase in the enzyme activity was seen (data not shown).
Since growth within macrophages influenced expression from all three promoters, their sensitivity to hydrogen peroxide, commonly found within the phagosome of macrophages, was monitored. Incubating the bacteria at 30°C in 100 PM hydrogen peroxide resulted in no significant effect on the groE and nib promoters. In contrast, the level of P-galactosidase was increased from the htrA promoter reaching 10 units above base-line level by 4 h. This was followed by a rapid decrease to baseline levels by 6 h (data not shown). Constitutive expression of 1ucZ from plasmid pLK [20] was not significantly effected by any of the environmental conditions (data not shown).
Discussion
In this study three environmentally regulated promoters were used to express IucZ gene under different growth conditions. The promoters are representatives of three classes of inducible bacterial promoters: the anaerobically inducible E. coli nirB, the u E-dependent htrA and the a3'-dependent groE. Expression from the nirB promoter is dependent on the transcription factor FNR which binds between positions -52 and -30 upstream from transcription start. In some cases FNR-dependent transcription is modulated together with a second transcription factor NarL [13] . However, plasmid pTETnir-15 used here contains only the FNR dependent binding site [9] .
Bacteria respond to environmental stress by a rapid change in the rate of synthesis of several proteins. In many cases the transient induction rapidly adjusts the protein level to a new steady state. In this study we tested the influence of environmental conditions on the level of P-galactosidase and we found that temperature shift had a greater effect on htrA promoters compared with groE. This result is in agreement with the finding that, in vivo, the h&A promoter is induced before groE (which is a3*-dependent) and together with u32, by u E containing RNA polymerase [11, 12] . Surprisingly, nirB promoter was also enhanced by elevated temperature. Although it is possible that at high temperature the concentration of oxygen in the growing media is reduced, the fact that temperature shift from 30°C to 37°C brought rapid increase in the P-galactosidase units expressed from the nirB promoter may suggest that FNR, like other stress protein modulators, respond to a number of environmental stimuli. Similarly, htrA, as nirB, promoter was also induced under anaerobic growth conditions (unpublished results), and therefore it seems that this promoter is either being regulated by factors other than uE, or that uE is being activated also at low oxygen tension.
For S. typhimurium to retain virulence, the bacteria have to be able to survive in macrophages [8] . This survival is dependent on the ability of the bacteria to tolerate a range of toxic killing mechanisms including the production of hydrogen peroxide [8] . Unlike E. coli htrA mutants, S. typhimurium htrA mutants were found previously not to be killed by elevated temperature, but rather to have impaired ability to survive significant levels of hydrogen peroxide [18] . Interestingly, the htrA promoter was the only one of the test promoters whose expression was increased in the presence of hydrogen peroxide.
In order to determine the influence of the intracellular environment, the level of expression from the three different promoters was monitored after Salmonella harbouring the test plasmids had entered a number of different cultured eukaryotic cell lines. Bacteria were grown in vitro and used to infect eukaryotic cells at 30°C since temperature shift from 30°C to 37°C dramatically induced both the htrA and nib promoters. We found that while the level of P-galactosidase expression from both the nirB and hfrA promoters increased in all the cell lines tested, groE promoter was induced only in infected macrophages.
This result is in agreement with a previous report by Buchmeier and Heffron [21] that demonstrated induction of the groE operon in infected macrophages.
In conclusion, our results point to htrA and nirB promoters as being potentially suitable for expression of heterologous antigen in Salmonella, as both promoters responded similarly to elevated temperature, anaerobic growth conditions and intracellular environment.
In vivo immunisation experiments would be needed to determine which of these promoters is superior in generating an immune response to a given heterologous antigen and these are currently in progress.
